RNA structure plays a fundamental role in internal initiation of translation. Picornavirus internal ribosome entry site (IRES) are long, efficient cisacting elements that recruit the ribosome to internal mRNA sites. However, little is known about long-range constraints determining the IRES RNA structure. Here, we sought to investigate the functional and structural relevance of the invariant apical stem of a picornavirus IRES. Mutation of this apical stem revealed better performance of G:C compared with C:G base pairs, demonstrating that the secondary structure solely is not sufficient for IRES function. In turn, mutations designed to disrupt the stem abolished IRES activity. Lack of tolerance to accept genetic variability in the apical stem was supported by the presence of coupled covariations within the adjacent stemloops. SHAPE structural analysis, gel mobility-shift and microarrays-based RNA accessibility revealed that the apical stem contributes to maintain IRES RNA structure through the generation of distant interactions between two adjacent stem-loops. Our results demonstrate that a highly interactive structure constrained by distant interactions involving invariant G:C base pairs plays a key role in maintaining the RNA conformation necessary for IRES-mediated translation.
INTRODUCTION
Translation initiation is a key step in the process of protein synthesis (1) . In some RNA viruses, exemplified by picornaviruses and hepatitis C virus (HCV), and in a subset of cellular mRNAs which are translated during stress, internal ribosome entry site (IRES) elements drive translation initiation using a cap-independent mechanism (2,3). IRES elements differ in nucleotide sequence, RNA secondary structure and trans-acting factors requirement (2, 4, 5) . This complexity compromises the general understanding of the mechanism of internal initiation, leading to the view that IRES elements may promote translation initiation using a large variety of mechanisms (6) (7) (8) .
RNA structure plays a fundamental role in IRESdependent translation initiation (4, (9) (10) (11) , as well as in other processes guided by RNA regulatory elements (12) (13) (14) . This is illustrated by the fact that compensatory substitutions in base-paired regions tend to conserve the secondary structure during RNA evolution (2, (15) (16) (17) .
Foot-and-mouth disease virus (FMDV) is a picornavirus characterized by a high genetic variability (18) . This feature provides crucial information regarding the tolerance to accept nucleotide substitutions all along the viral genome, and particularly, within the highly structured untranslated regions (UTRs) located at each end of the genome (19) . The IRES element located at the 5 0 -UTR of FMDV is organized in structural domains, termed 2-5 in 5 0 -to 3 0 -end, which appear to have a division of functions (20) . Domains 2, 4 and 5 determine the interaction with RNA binding proteins and various translation initiation factors (eIFs), with the exception of eIF4E (21, 22) . Domains 4 and 5 are responsible for the recruitment of eIF4G, eIF4B, eIF3 and other IRES binding factors (23, 24) . Remarkably, domains 4 and 5 do not possess IRES activity by themselves (25) , indicating that interaction with these factors is necessary but not sufficient for IRES function.
In contrast to the large number of factors interacting with the distal domains, the central one, termed domain 3, interacts with a reduced number of host factors, such as PCBP2, EBP1, hnRNPK and DAZ-1 (26) . This result could be interpreted as the consequence of having a large proportion of its nucleobases hidden within a compact RNA 3D structure. In fact, secondary structure determination of the FMDV IRES by RNA probing (9, 25) revealed that the apical region of domain 3 contains four GC rich stems that join at a cruciform structure. At the base of this domain, a long stem interrupted by internal bulges serves as a bridge to upstream and downstream IRES domains. Mutational analysis has shown that conserved motifs in the RNA structure of domain 3 play a crucial role in IRES-dependent translation (20, (27) (28) (29) . However, the 3D structure of this domain is still unknown.
Picornavirus IRES elements are remarkably long regions compared to other viral IRES, including those of HCV and dicistroviruses (2, 30, 31) . Determining the structural organization of long IRES elements is the first step to begin to understand the efficient mechanism of internal initiation driven by these elements. Their long size and flexibility is well suited to structural analysis by selective 2 0 -hydroxyl acylation analyzed by primer extension (SHAPE) (32) . Although SHAPE probing does not reach the atomic level resolution of NMR or X-ray structural analysis, it has the advantage over the latter approaches of allowing the analysis of long RNA molecules (33) and hence, it sheds light on RNA organization of the entire RNA regulatory element. Recently, we have performed a combined study involving SHAPE probing and microarray-based oligonucleotide accessibility of the FMDV IRES element (34) confirming its modular organization in structural domains.
In this study, we sought to investigate the involvement in IRES function of RNA structural motifs within domain 3 possibly constrained by distant interactions. To this end, we took advantage of the large variability of FMDV RNA sequence to identify invariant regions as well as coupled covariations all along the IRES element, paying special attention to nucleotides within domain 3. Mutational analysis was carried out to verify the biological relevance of an invariant GC-rich apical stem for IRES activity. Subsequently, structural analysis revealed the involvement of this invariant region in maintaining the RNA structure through the generation of distant interactions between two adjacent and conserved stem-loops of domain 3. The reciprocity of the structural changes observed in mutants affected in these stem-loops further supported the existence of a highly interactive RNA structure within the apical region of domain 3 that performs an essential function during internal initiation.
MATERIALS AND METHODS

Constructs
The constructs expressing the IRES RNA (nucleotides 1-462) of FMDV C-S8 or its domain 3 alone (nucleotides 84-297) were previously described (35) . Mutations in G195, G196, G203, C204 and C205 were generated by mutagenic PCR using oligonucleotides S1 (CTTTTGG TTCCGTGGGTCCTTGTTAC), S2 (GTGGGCGT AACTTTTGGCCCCGTG), S3 (GGCGTCCCTTTTGG CCCCGTG), S4 (GTCCCTTTTGGGGCCGTG), S5 (GGCGTGGTTTTTGGCCCCGTG) as described (29) .
Sequence covariation analysis of the IRES element
Sequence alignment. FMDV sequences were retrieved from the GenBank using Blast (http//blast.ncbi.nlm.nih .gov/Blast.cgi) using the FMDV C-S8 IRES sequence as query. Duplicates and incomplete sequences were removed and each sequence was given a unique identifier. FASTAformatted sequences were first aligned using CLUSTALW (http//www-ebi.ac.uk/Tools/clustaw2/index.html). RNA secondary structure features were used to align the sequences.
Alignment position classification and error estimation.
Columns of the alignment were classified as fixed (F), variable (V) or gapped (G), depending on whether they contain the same nucleotide, different nucleotides or a gap, respectively. From all paired bases in stems that were protected by SHAPE in both positions, we considered those composed of one fixed and one variable column (VF or FV). For these pairs, we counted the substitution frequencies of the variable position along the alignment. An error rate was estimated by calculating the fraction of non-conservative changes, i.e. substitutions that would disrupt the canonical base pairing (A:U, G:C or G:U). This resulted in an average of three non-canonical changes in base-paired SHAPE-protected positions. Thus, we can assume that variable positions with three or less non-conservative changes are a result of sequencing errors and can be considered as fixed. Accordingly, 95 variable columns were re-classified as fixed, as their variation was within the estimated error rate.
Mutual information. In order to determine the covariation between pairs of positions, we computed a measure of association, called mutual information (MI):
where pðx i Þ is the probability of finding the nucleotide x 2 fA, C, G, Tg in position i, pðy j Þ is the probability of finding the nucleotide y 2 fA, C, G, Tg in position j and pðx i , y j Þ is the joint probability of simultaneously finding a particular combination of nucleotides x, y in positions i, j, respectively. MI was calculated for all possible pairs of variable columns (VV) in the multiple alignment.
Random expectation of covariation. In order to determine which pairs had an MI value significantly different from random expectation, we generated 300 randomized sets by vertical shuffling all the columns of the alignment. This maintains the proportion of nucleotides for each column, but shuffles the co-occurrences in each row. The distribution of the MI values in these randomized alignments was used to calculate the corresponding z-scores. Variable pairs (VV) were therefore classified as covariant, if zscore > 2.96, or independent, otherwise. Moreover, each variable pair (VV) was further classified as conservative or non-conservative, according to whether the fraction of changes that preserved the canonical base pairing was >50% or <50%, respectively.
RNA structure modeling
PDB RNA structure models were performed using Mc-Fold (www.major.iris.ca/MC-Pipeline) to obtain the secondary structure in bracket format, followed of 3D MC-SYM generator to produce the PDB RNA structure. RNA structure was visualized using Swiss-PdbViewer. The first PDB structure obtained with the MC-SYM generator using the most stable energy RNA structure according to Mc-Fold was used to depict the model of each IRES sequence.
IRES activity assays
Relative IRES activity was quantified as the expression of luciferase normalized to that of chloramphenicol acetyltransferase (CAT) from bicistronic mRNAs as described (36) in transfected BHK-21 monolayers. Experiments were performed on triplicate wells and each experiment was repeated at least three times.
In vitro transcription
Plasmids were linearized to generate domain 3 or the full-length IRES using SmaI or XhoI, respectively. Transcription was performed for 1 h at 37 C using 1000-3000 U of highly purified T7 RNA polymerase in the presence of 10-15 mg of linearized DNA template, 40 mM Tris-HCl, 50 mM DTT, 0.5 mM rNTPs, as described (34) .
SHAPE analysis
RNA (0.5 pmols) was treated with N-methylisatoic anhydride (NMIA) as described (34, 37) . For primer extension, equal amounts of NMIA-treated and untreated RNAs (10 ml) were incubated with 0.5 ml of the appropriate antisense 5 0 -end 32 P-labeled primer (5 0 -CTACGAAGCAACA GTG, 5 0 -CCCGGGTGTGGGTACC, 5 0 -GGAATGGGA TCCTCGAGCTCAGGGTC). Primer extension was conducted in a final volume of 15 ml containing reverse transcriptase (RT) buffer (50 mM Tris-HCl, pH 8.3, 3 mM MgCl 2 , 75 mM KCl, 8 mM DTT) and 1 mM of each dNTP. The mix was heated at 52 C for 1 min, prior to addition of 100 U of Superscript III RT (Invitrogen) and incubation at 52 C for 30 min. cDNA products were fractionated in 6% acrylamide, 7 M urea gels, in parallel to a sequence obtained with the same primer. For SHAPE data processing, the intensities of RT-stops were quantified as described (34) . Data from three independent assays were used to calculate the mean (±SD) SHAPE reactivity.
Gel-shift assays
For RNA-RNA interactions, the uniformely [a-32 P]-CTP labeled GNRA hairpin RNA (nucleotides 160-196) (38) was incubated with increasing concentrations of unlabeled domain 3 RNAs (50-1000 nM) in 50 mM sodium cacodylate, pH 7.5, 300 mM KCl, 10 mM MgCl 2 (35, 39) . RNA-RNA complexes were allowed to form for 90 min at 37 C and immediately analyzed by electrophoresis in native acrylamide gels supplemented with 2.5 mM MgCl 2 as described (38) .
Microarray hybridization and data analysis
DNA oligonucleotides complementary to the IRES region of FMDV were described in (34) . Mutant RNAs encompassing domain 3 were fluorescently labeled with Alexa 647 using the Ulysis 647 kit (Invitrogen). Microarrays were prehybridized and hybridized as described (34) . Data were retrieved using the Genepix pro 6.0 software. The differential capacity of transcripts for antisense oligonucleotide hybridization was measured in three independent experiments as described (34) .
RESULTS
Identification of an invariant apical stem within the IRES element
The alignment of nucleotide sequences belonging to 183 FMDV RNA isolates deposited in databases readily indicated an extensive degree of sequence heterogeneity across the IRES element ( Figure 1a ). In addition to regions that accumulated a large number of substitutions, we observed others in which coupled nucleotide covariation led to compensatory changes ( Table 1 ) that maintained the RNA secondary structure and, interestingly, specific nucleotide tracts that were less tolerant to substitutions ( Figure 1b) .
The region that accommodated the higher number of changes was mapped to the single-stranded region at the 3 0 -end of domain 5 ( Figure 1a ), although the polypyrimidine tract is conserved (Supplementary Table  S1 ). Similarly, other nucleotide variations located in loops within the IRES secondary structure (Figure 1b) corresponded to conserved motifs, as illustrated by the GNRA and the RAAA motifs in the apical region of domain 3 as well as the pyrimidine-rich motif in the apical loop of domain 2.
Analysis of covariation between pairs of positions with MI values significantly different from random expectation (z-score > 2.96) (Table 1 ) readily demonstrated the presence of paired regions in the IRES element ( Figure 1b ) that matched stems according to RNA probing (25, 34) . Covariation between variable positions within domain 3 occurs more frequently than between these and variable positions of the other domains (Supplementary Table S2 ), reinforcing the idea of a modular organization in the IRES element. In this regard, covariation pairs for which any of the positions had 3 or less changes were discarded, since these could be fortuitous or due to sequencing errors.
We anticipate that the invariant regions may have been subjected to selection pressure to keep their primary sequence, because of their involvement in RNA-protein interactions or in maintaining the correct 3D RNA structure. Indeed, we observed that invariant regions tend to accumulate around nucleotides previously identified as the target site of RNA binding proteins involved in IRES activity. Thus, the upper stem-loop of domain 2 (nucleotides and the stem at the base of domain 4 (nucleotides 306-320 and 396-416) (Figure 1b) provide the binding site for PTB and eIF4G, respectively (40,41).
The apical region of domain 3 contains three invariant regions (Figure 1b) , encompassing nucleotides 140-150 (the 140 bulge), 195-205 (the apical stem-loop, that includes the apical stem and the RAAA motif), and 229-243 (the C-rich bulge). While the latter is a candidate sequence to interact with poly(rC) binding proteins and Ebp1 (26, 42, 43) , proteins recognizing the other two invariant regions have not been identified. Furthermore, RNA probing carried out with substitution mutants of the conserved GNRA motif evidenced apical stem-loop reorganization leading to the disruption of the stem, despite the mutation being located in a distant sequence (34, 38) . These data, together with results of the covariation analysis, led us to focus our attention to the invariant sequence of the apical stem of domain 3 as a region contributing to an RNA structure crucial for IRES function. The conserved apical stem uncovers a determinant of IRES activity
To determine the biological relevance of the invariant apical stem of domain 3 for IRES activity, we generated a set of mutants aimed at modifying both, the primary sequence and the secondary structure of this region (Figure 2a) . The S1 mutant carrying a double substitution G195G196 to AA, designed to disrupt the canonical G:C base pairs of the wt IRES, led to a severe loss of IRES activity (1.8% with respect to the wt IRES) (Figure 2b ). Similarly, a double substitution on the opposite arm of the stem, C204C205 to UU (mutant S2) also abrogated IRES activity (1.4%), suggesting that G:U base pairs were not formed or, conversely, they were not sufficient to stabilize this short stem.
To confirm that disruption of the G:C base pairs of this stem lead to IRES inactivity, we generated a mutant carrying the double substitution C204C205 to GG (S3). This mutant turned out to be severely defective (0.7%) ( Figure 2b ). The strong reduction of IRES activity exhibited by these three sets of mutations indicated that the primary sequence on each side of the stem and, most likely, its secondary RNA structure are important for IRES activity. To further confirm this point, we generated a fourth mutant, S4, with a compensatory mutation relative to S3. As shown in Figure 2b , the second-site mutant S4, which replaced two consecutive G:C base pairs by C:G, partially restored IRES activity (68.4% of the wt IRES). This result suggests that the maintenance of the RNA secondary structure of this apical stem is required for IRES function, although the full activity is also dependent on its correct primary sequence. As a control, a construct that harbors a single nucleotide substitution of G203A (S5) was as active as the wt IRES (data not shown), demonstrating that increasing the A-rich loop size is compatible with IRES activity.
RNA structure modeling of the apical region of domain 3 fully supports that the nucleotide substitutions induced important changes in the RNA organization of this region (Figure 2c ). Specifically, mutations in S1 and S2 IRES disrupted the apical stem as well as the 209 stem. Mutations in S3 IRES led to a rearrangement of the apical stem in which C197C198 are base paired to the mutated G204G205. Additional changes in the relative orientation of the GNRA motif and the 170 bulge occurred in all mutants, with the peculiarity that the GNRA motif in S1 RNA is close to nucleotides 195-196, and residues belonging to 170 bulge are in the vicinity of nucleotides C204-G208.
We conclude that the invariant stem of the apical stemloop plays a crucial role for IRES activity, and that it has a strong preference for G:C base pairs. Their substitution by C:G retained activity although this IRES mutant did not reach the same activity levels than the wt. These results are in strong agreement with the lack of genetic variability found in the apical stem-loop within the IRES sequence alignment.
RNA structural analysis reveals the specific need for G:C base-pairs for IRES function
Next, to establish a direct relation between RNA structure and activity of IRES mutants carrying mutations in the apical stem, we performed structural analysis by SHAPE, which allows the study of long, flexible RNA molecules in solution (32, 33) . RT extension products obtained with primers spaced along the RNA sequence allowed overlapping readings of the entire IRES region (34) . For this, cDNA products derived from the untreated and NMIA-treated RNAs were resolved in denaturing acrylamide-urea gels in parallel to a sequence ladder obtained with the same primer. The intensity of each RT-stop band was normalized to that of the full-length product in the corresponding gel lane, and the background values of the untreated RNA were subtracted from the respective RT-stop intensity yielded by NMIA-treated RNA. In all cases, the mean of three independent assays was calculated from the reactivity of each nucleotide, relative to the most reactive nucleotide (set to 100%). The resulting color-coded profiles (Figure 3 ) revealed gross modifications of SHAPE reactivity in domain 3 of the mutants S1-S4 with respect to that of the wt RNA. This was particularly evident in residues 150-250 encompassing the apical region, which showed increased SHAPE reactivity. However, SHAPE reactivity was only slightly modified in domains 2, 4 or 5. Furthermore, changes in the SHAPE reactivity of domain 3 accumulated in similar positions when the transcripts encompassing either the entire IRES or the domain 3 alone (data not shown) were analyzed, suggesting that the RNA reorganization mainly affected the central domain.
The differences in SHAPE reactivity of the wt RNA (Supplementary Figure S1 ) with respect to each IRES mutant are depicted in Figure 4 . Specifically concerning the S1 mutant RNA, there was a remarkable increase in SHAPE reactivity in residues 198-207, supporting the notion that nucleotides corresponding to the apical stem were not engaged in base pairs (Figure 4 ). Concomitant with this increase, a strong decrease of reactivity was observed in nucleotides 169-171 and 181, revealing a protection of the 170 bulge and the GNRA motif, respectively. Therefore, these results suggest a functional interaction between residues located in two stem-loops of the apical region, with a distinctive feature: an increase in SHAPE reactivity of the apical stem-loop was accompanied by a decrease in reactivity of nucleotides belonging to the GNRA hairpin, including the 170 bulge. These results are also in agreement with the RNA structure model of S1 IRES (Figure 2c ) that not only depicts the mutated nucleotides 195-196 apart from nucleotides 204 to 205, but also predicts a reorganization of the GNRA motif and the 170 bulge.
According to SHAPE differences of the S2 mutant RNA, nucleotides 202-207 were more reactive to NMIA (Figure 4) , indicating that the U residues inserted by site-directed mutagenesis were unpaired, which is in agreement with the RNA structure model of S2 IRES mutant (Figure 2c ). In addition, and similar to S1 RNA, a decrease in the reactivity of the 170 bulge was observed (Figure 4) . Thus, we conclude that while the substitutions introduced in S1 and S2 RNAs affected opposite sides of the stem, they induced similar changes in RNA structure organization that correlated to analogous negative effects on IRES activity.
The results derived from SHAPE reactivity of the S3 RNA pointed again to the apical region (Figure 4) . It is worth noting that the decrease in SHAPE reactivity of nucleotides belonging to the GNRA hairpin was similar to the effect observed in S1 and S2 RNA. Hence, disruption of the G:C base pairs within the apical stem led to a distant effect that reached the adjacent stem-loops, reinforcing the occurrence of long-distant interactions between these stem-loops of the apical region. Further supporting this conclusion, SHAPE analysis of the S4 mutant RNA revealed that the RNA structure found in the wt IRES (Supplementary Figure S1 ) was partially restored, although SHAPE differences were observed within the region 146-257 (Figure 4) . Therefore, destabilization of the invariant apical stem (mutants S1, S2 and S3) impaired IRES activity. Conversely, compensatory mutations that preserved the secondary RNA structure (mutant S4) only partially restored IRES activity, since the wt IRES carrying the GC stem performed better than that of the S4 mutant IRES.
We conclude that the invariant bases that compose the apical stem of the IRES play a crucial role in determining the RNA structural organization affecting the adjacent GNRA hairpin that, in turn, has also a strong influence in the ability of this IRES element to drive internal initiation of translation.
Long-distance interactions within domain 3 and local RNA accessibility depends on the sequence composition of the apical stem
We have previously identified long-range RNA-RNA interactions within domain 3, which are sequence specific, as well as Mg 2+ and RNA concentration dependent (38) . The changes in RNA structure observed in the GNRA hairpin and the apical stem of S1-S4 mutants strongly suggested that the mutations introduced in the apical stem could generate different conformations of Figure 3 . SHAPE reactivity of apical stem IRES mutants. Values of SHAPE reactivity at each individual nucleotide position correspond to the mean reactivity (±SD) of three independent assays. RNAs, treated with NMIA or untreated, were subjected to primer extension analysis conducted with 5 0 -end labeled primers. The intensity of each band was normalized to the full-length cDNA product detected in the corresponding gel lane after subtraction of the corresponding background RT-stop signal in the untreated RNA. Nucleotide positions are indicated on the x-axis. The SHAPE reactivity is depicted using color-coded bars. Position of the apical region is indicated by a broken line rectangle. domain 3, profoundly modifying long-range RNA-RNA interactions. To test the hypothesis that distant RNA-RNA interactions could be affected in the S1-S4 mutants, we determined by gel mobility-shift assays the capacity of a labeled transcript encompassing the GNRA hairpin (corresponding to nucleotides to interact with unlabelled transcripts of domain 3 bearing either the wt or the mutated S1-S4 sequences (Figure 5a ). The mutant RNAs responded in different manners (Figure 5b) , with K d ranging between 112.3 nM (wt), 271.7 (S1), 234.3 (S2), 279.0 (S3) and 173.1 (S4). Strikingly, S1 RNA showed a reduced capacity to Figure 4 . Impact of the apical stem sequence composition on SHAPE reactivity differences. SHAPE difference plots of each mutant domain 3 relative to the wt RNA. Nucleotides with absolute changes in SHAPE reactivity >60% are depicted in black, while those between 30 and 60% are marked in dark grey. The secondary structure model of each IRES mutant, with nucleotides colored as in Figure 3 to reflect their mean SHAPE reactivity, is shown on the right. The reference mean SHAPE reactivity of the wt RNA is shown in Supplementary Figure S1. establish long-range RNA interaction with the GNRA hairpin, although, at the same time, it has acquired the property to form two retarded complexes clearly distinguishable in long exposures (Figure 5a ). This result may imply the presence of at least two conformations of this mutant RNA, which very weakly interact with the GNRA hairpin. S2 and S3 mutant RNAs also showed a reduced capacity to bind the labeled GNRA hairpin probe all along the concentration range tested. In turn, the S4 RNA that bears the compensatory mutation evidenced an intermediate capacity to interact with the GNRA hairpin probe (Figure 5b ). Consistent with IRES activity and RNA structural analysis, the binding efficiency of the S4 domain 3 was greater than that of the other mutants, achieving values similar to the wt RNA only at the highest concentration (1000 nM) used in the assay.
The results observed with S1 mutant suggested that this IRES region could adopt different conformation depending on the sequence of the apical stem. Thus, to gain additional information about the local RNA structure of the IRES mutants, we measured the accessibility of domain 3 RNAs to a panel of customized overlapping antisense DNA oligonucleotides covering the entire IRES sequence printed on microarrays (34) . RNA hybridization was conducted using fluorescent-labeled transcripts carrying the indicated mutations in the apical stem under the same ionic conditions and temperature used for SHAPE probing. The hybridization signal displayed by each mutant RNA revealed changes in RNA accessibility ( Figure 6 ). Interestingly, S1 RNA exhibited an overall higher accessibility in the microarray-based assay than the wt RNA, demonstrating a less tight RNA structure that particularly affected residues complementary to oligonucleotides 134-148, 176-183 and 232-253. In contrast, changes in RNA accessibility of the S2, S3 and S4 mutants were concentrated in the region complementary to oligonucleotide 253. A decrease in accessibility to oligonucleotides 190 and 197, complementary to nucleotides 190-211, can be explained by the presence of two substitutions in the RNA sequence of these IRES mutants. These results strongly suggest that domain 3 consists of 
DISCUSSION
The modular organization of picornavirus IRES is consistent with a distribution of functions among the different domains. The central domain of the IRES, termed domain 3, is a self-folding region since it adopts a very similar RNA structure organization when it is expressed alone or in the context of the entire IRES (34) . Moreover, the local RNA structure of this domain plays a critical role during IRES-dependent translation (9, 38) . SHAPE reactivity data provided evidence for the existence of stem-loops whose structural conformation depends on distant interactions within this domain, involving residues of the GNRA motif (34) . These results point to the existence of a structural element in the apical region of domain 3 that performs an essential role during internal initiation. In support of a general implication of this structural feature to picornavirus IRES performance, not only FMDV but also encephalomyocarditis virus (EMCV) IRES-dependent translation is impaired by nucleotide substitutions in the conserved GNRA motif (27, 28) . Thus, the RNA structure adopted by the apical region of domain 3 could constitute a signature of type II IRES elements, typically found in picornavirus genomes.
The genetic variability of the FMDV IRES analyzed in 183 isolates indicated certain tolerance to accept changes in the sequence of domain 3 (Figure 1b ). Despite this overall variability, the GNRA and the RAAA motifs are fully conserved (Supplementary Table S1 ). We report here that the G:C base pairs that hold these motifs are also invariant. This suggested to us that they perform a key role in maintaining the functional IRES structure. Furthermore, the sequence of the internal 170 bulge within the GNRA hairpin tolerates substitutions, but not insertions or deletions (Supplementary Table S1 ).
We have shown that the G:C base pairs that conform the apical stem-loop have a primary relevance for IRES activity. Importantly, disruption of this stem occurred concomitantly with a structural rearrangement of the apical region, affecting two adjacent stem-loops ( Figures  2c and 4) . The results of SHAPE reactivity of wild-type and mutant IRES RNAs strongly support a direct effect of residues G195-G196 and C204-C205 in governing the RNA conformation of the active IRES element. Specifically, SHAPE reactivity, gel mobility-shift and RNA accessibility displayed by the S1 mutant (where the G195G196 were substituted by AA) supported a change in RNA conformation of the apical region affecting distant regions in the secondary structure of domain 3. The results derived from the study of S2 (CC substituted by UU) and S3 (CC changed to GG) RNAs demonstrated that the disruption of the apical stem induced the reorganization of the entire apical region of domain 3, including the GNRA hairpin. Unexpectedly, although the substitutions in S4 RNA partially restored IRES activity, the organization of the apical region was modified, as indicated by differences in SHAPE reactivity of the GNRA stemloop and the apical stem-loop. Therefore, this result further confirmed the biological relevance of the GG:CC composition of the apical stem, in agreement with the lack of tolerance to accept sequence changes.
A common feature observed in the IRES mutants studied here is that an increase in reactivity of nucleotides belonging to the apical stem-loop (195-205) is coupled to a decrease in reactivity of nucleotides 169-171 and 181, that belong to the 170 bulge and the GNRA motif, respectively. This is specifically consistent with the reorganization predicted in the S1 RNA structure (Figure 2c ). The implications of our mutational analysis suggest a cross-talk between distant nucleotides of domain 3, located at the apical stem and the GNRA hairpin, that share the property of being conserved at the structural level between picornavirus IRES classified as type II (2, 43) . Specifically, the observation that S1 mutant RNA severely affected the capacity to form distant interactions (Figure 5a) , and that S4 mutant only partially restored IRES activity (Figure 2b ) strongly suggests that the base pair composition of this stem determines the architecture of this IRES region. This line of evidence prompted us to consider the possibility of whether this reorganization is due to the disruption of distant interactions.
Changes in the efficiency and pattern of long-distant interactions within domain 3 have been demonstrated by gel-shift analysis of the GNRA hairpin with specific mutant IRES transcripts (Figure 5a and b) (38) and by RNA structure probing of mutants in the conserved GNRA motif (9, 34) . Previous studies have shown that the GNRA motif of FMDV, EMCV and poliovirus IRES adopts a tetraloop conformation at the tip of a stem-loop (9, 44, 45) . GNRA tetraloops are frequently involved in tertiary interactions (46, 47) . In particular, it has been shown that GYRA tetraloops interact with GG:CC receptors when R corresponds to A (as in the GUAA sequence of the wt IRES sequence used here), whereas it can accept CU:AG receptors when the R is a G (48) . The GNRA motif of the FMDV IRES shows a strong preference for GUAA, but it tolerates sequence variation to GUGA, GCAA, GAGA and GCGA (Supplementary Table S1 ) (34) . Thus, covariation analysis of the IRES region could give us a hint about the location of the putative receptor. However, we could not detect signals of a GNRA receptor based solely on the genetic variability analysis. Although it can be argued that this could be due to insufficient number of analyzed samples, we cannot rule out the possibility of alternative binding sites or the existence of different RNA conformations as it has been observed in various RNAs (12, 49) .
The lack of variability of the apical stem, supported by the covariation observed in the adjacent stems, pointed toward its relevant contribution to IRES activity. Our results of mutational analysis of this invariant stem revealed a better performance of G:C than C:G base pairs, demonstrating that it is not only the secondary structure of this region, but its 3D RNA conformation is what determines efficient IRES activity. Furthermore, changes in IRES activity were accompanied by a structural reorganization, as revealed by SHAPE reactivity and gel mobility-shift interactions. A region effectively modified, in addition to the mutated bases, includes the 170 bulge, the GNRA motif, the stem 209, loop 140 and 238. Interestingly, genetic variability of the 170 bulge showed that whereas its sequence accepts certain nucleotide substitution, insertions or deletions were not observed (Supplementary Table S1 ). It is worth noting that the overall RNA organization of the 170 bulge within the GNRA hairpin may resemble that of the HCV IRES domain II (50) .
Importantly, we have found a modification of RNA structure affecting multiple nucleotides of the apical region in all mutants analyzed here. Additionally, we have shown that conformational changes in RNA structure play a pivotal role in IRES function. Taken together, our results demonstrate that the active conformation of domain 3 consists of an interactive structure constrained by distant interactions, in which two invariant G:C base pairs within the apical stem-loop play a key role in maintaining the correct RNA structure, likely interacting with the GNRA hairpin.
